Measurements and correlations for gas liquid surface tension at high pressure and high temperature. AIChE Journal, Wiley, 2018Wiley, , 64 (11), pp.4110-4117. 10.1002 This decrease is observed under saturated and unsaturated conditions and is more pronounced at low temperatures and does not seem to depend on pressure. The effect of saturation on surface tension in the water/nitrogen system has been correlated with water vapor pressure by using experimental points with a great accuracy. For the waterphenol/nitrogen system, experimental data obtained with different mass fraction of phenol were correlated using Macleod-Sugden equation for mixtures.
Introduction
Multiphase gas-liquid-solid contactors are often used in chemical engineering processes. For instance, the gas phase can be dispersed into the liquid or suspension in the form of bubbles using a gas sparger generally placed at the bottom of a column. The so called "bubble column" can work in semi-batch mode (batch for liquid) or in continuous mode. This kind of reactor are generally used in chemical, biochemical, petroleum and metallurgical industries (oxidation, polymerisation, hydrogenation, gas conversion to produce fuels, fermentation, biological wastewater treatment ….). For instance, the Fischer-Tropsch synthesis is carried on bubble columns and is widely studied in the literature. 1, 2, 3, 4 Several parameters influence the operating of bubble columns: gas-liquid system, pressure, temperature, gas and liquid superficial velocities, operating mode, design parameters and physical properties. 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 The hydrodynamics of gas liquid contactor is not fully known and difficult to predict. Indeed, most of the studies only focus on two to four parameters and are depending on the system. Moreover, many data correlations exist for atmospheric and low pressure and temperature, but very few at high pressure and high temperature. 1, 15, 16, 8, 17, 18, 19, 20, 21, 22, 23, 24, 25 To better understand the behaviour of gas liquid systems at high pressure and temperature, it is first necessary to know the evolution of physical properties in these conditions. The effect of pressure, temperature and saturation on surface tension is investigated in this article.
Surface tension values for water at high temperature up to the critical point, in balance with its vapor, are well known. 26, 27 However, few data are available in respect of pressure effect on surface tension of water/nitrogen and water/air mixtures. Yi-Ling et al. 28 have measured Noüy's Ring and capillary ascension are known to be complex at high temperatures. The method of rotating drop cannot be run under pressure. The method of Wilhelmy's blade requires a very specific apparatus. The method of maximum drop pressure uses tables whose validity is not verified at high pressure. At high pressure and high temperature, the method commonly used is the hanging drop method. 25, 28, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 49 . The sessile drop method is sometimes used. 43 Considering pressure constraints, it seems easier to stabilize a drop at the end of a capillary, in an autoclave (hanging drop), than to settle a drop on a stainless-steel surface, in the case of sessile drop. Another advantage of the hanging drop method is its accuracy using Misak tables. It can also be used under saturated and unsaturated conditions, provided that the saturation is slower than the measurement time. Because of above comments, the hanging drop method is chosen for this study.
Materials and Methods

Surface tension calculation
In 1806, Laplace established the relation between the pressure gradient on either side of any surface and the curvature of the interface. For drops or bubbles symmetrical regarding the vertical axis, the pressure difference Δρgh can be expressed by Laplace-Young equation 
The formulation of Bashforth and Adams is equivalent to the Laplace's law. The resolution of Eq. 2 is done using the tables established by Bashforth and Adams, 44 which provide the values of ‫/ݔ‬ℛ ௫ by knowing ‫/ݖ‬ℛ ௫ and ߚ (in the range 0.125 to 100). A fast resolution uses form factors F 1 and F 2 (Eq. 4) involving the characteristic diameters of the drop ( Figure   1 ).
Surface tension can be expressed according to Eq. 5:
The Water and nitrogen densities are provided by the NIST database. 26 Under unsaturated conditions, water and nitrogen densities will be settled at operating process pressure and temperature. Under saturated conditions, the water is in equilibrium with its vapor phase (also given by NIST as a function of temperature). This vapor pressure will be settled equal to the partial pressure of water in the gas phase. The density of the gas phase is calculated by Eq. 6.
Water density under saturated conditions will be chosen equal to the water density in equilibrium with its vapor at the considered temperature. In the case of aqueous solutions of phenol, the amount of phenol present in the gas phase will be neglected and the properties of the water will be taken for the liquid phase. This approximation is valid at low phenol content in water. 
The term α, defined by Eq. 8, represents the capillary length. By developing a criterion based on drops volume, the authors showed that the Bond number range required to obtain a satisfactory accuracy varied between 10 -2 and 3. 51 In the systems studied, the difference in densities can vary between 400 and 1000kg.m -3 and the surface tension is likely to vary between 10 and 75mN.m -1 . A capillary with an outer diameter of 1/16" (1.5mm) and an internal diameter of 1/64" (0.5mm) was chosen to obtain modified Bond numbers between 0.096 and 0.2. This capillary is identical to the one used by Chiquet et al. 37 
Experimental measurements
The general layout of the installation is shown in Figure 2 . The reactor is supplied with gas (N 2 ) via a 20MPa pressurized gas cylinder supplied by AIR LIQUIDE (purity > 99%). The positive displacement pump supplied by TOP INDUSTRIE has a volume of 50cm 3 . The liquid circuit is connected to the capillary and the gas circuit is directly connected to the reactor.
The reactor is a 316L stainless steel autoclave with an internal volume of 150cm 3 were made in using a camera with a 19MPixel resolution and equipped with a 60mm macro lens with fixed focal length (f/2.8). Considering an uncertainty of two pixels for the measurement of a diameter, these are determined to ± 22μm.
Experiments are performed according to the protocol described below.
-The reactor and the pump circuit are purged with a nitrogen stream to remove any traces of water and/or phenol in the system (at ambient pressure and at 200°C).
-A low nitrogen pressure (see calculation in Appendix 2) is loaded into the reactor. While increasing temperature during heating, the pressure in the reactor will increase until reaching the set point.
-The circuit of the pump is then washed with the liquid. It is then injected into the capillary after pressurising the liquid circuit at the working pressure.
-The liquid is pumped at a rate of 0.00025cm with an average of 3.2%. Uncertainties do not depend on temperature, pressure, and saturation conditions.
Results and discussion
At first, to validate the experimental setup, results with water/nitrogen system are presented.
Water/nitrogen system
Two reproducibility tests in unsaturated conditions are presented in Table 1 The effect of medium saturation is not negligible. Figure 5 represents the evolution of surface tension as a function of the number of drops analysed, for an experiment at 30MPa and 300°C. It shows that surface tension begins to decrease after about 5 to 6 drops analysed. The medium is considered unsaturated before this point. At 100°C, the difference between measurements under dry and saturated conditions is of the order of magnitude of the measurement uncertainty. However, this difference increases at 150°C and becomes significant at 220°C. It is possible to represent the difference between measurements in dry conditions and in unsaturated conditions as a function of temperature, using NIST data as a reference (Appendix 4 Figure A2 ). An uncertainty on vapor pressure of 0.025% is provided by NIST. The difference between values under dry conditions and saturated conditions increases with temperature according to a power law. Uncertainties about the measured difference are also represented. It is also noted that deviation from saturation is very similar to the increase of saturation vapor pressure of water. The effect of saturation can therefore be directly correlated from this parameter, assuming a linear law between saturation vapor pressure and saturation deviation and neglecting the effect of total pressure (Eq. 9). 
The prediction is carried out with an average uncertainty of 2.4% with our experimental points, the highest differences being obtained at temperatures of 100 and 160°C for which the possible effect of the pressure is not considered. Equation 9 can be used to calculate surface tension of systems operating under unsaturated conditions and for which no surface tension data are available. The experimental setup was validated by measurements on the water/nitrogen system. The measurements on waterphenol/nitrogen system are presented below.
Water-phenol/nitrogen system
The results obtained in the water-phenol/nitrogen system are shown in Figure 6 
The term [P i,m ] represents the Parachor of the liquid or the gaseous mixture. These numbers can be determined by Eqs. 11 to 13.
The term [P i ] represents the Parachor of compound i. assumed constant with temperature and pressure. The term ߜ is a binary interaction parameter to be determined by fitting with experimental data. Note that the definition and calculation of Parachor assume that the surface tension is independent of the surrounding gas. The liquid is supposed to be in equilibrium with its vapor. To verify the Macleod-Sugden correlation for saturated experiments, the Parachor of water and phenol were estimated. The water Parachor was determined from surface tension and molar volume data from NIST. The calculation is presented in Appendix 6 (52.5). The phenol Parachor can be calculated by a group contribution method but a publication provides its value, calculated from measurements of surface tension up to 150°C (224.8). 56 Their results show that the phenol Parachor varies with temperature and increases very slightly with increasing temperature. Under these conditions, the numerical value is chosen at an average value in the temperature range studied. The dew point composition of the water-phenol system should also be estimated. . This correlation, among the simplest to predict the surface tension, is hence validated. The interaction parameters and the exponent ∁ are given in Table 2 .
These coefficients are valid in with a phenol mass fraction in the range 0.02 to 0.08. Indeed, it has been tested to extrapolate the correlation up to x w, Ph = 0 but the prediction of equation 12 becomes mediocre. The value of 3.36 of the exponent agrees with the results of the literature for other systems. 54 Finally, it should be noted that calculation for molar fractions in the liquid phase of less than 0.01 by Szyszkowski's correlation are less satisfactory than those of the Macleod-Sugden correlation.
Conclusions
Two sets of experimental data have been obtained during this work on the surface tension of water/nitrogen and water-phenol/nitrogen systems by using the hanging drop method.
This is an important point as very few data are available in the studied domain of pressure 
12.
Operating conditions 
